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‡Deutsche Forschungsgemeinschaft Research Center for the Molecular Physiology of the Brain, Go¨ttingen, GermanyABSTRACT Assembly of b-amyloid (Ab) peptide into toxic oligomers is widely believed to initiate Alzheimer’s disease
pathogenesis. Under in vitro physiological conditions, zinc (Zn(II)) can bind to Ab and redirect its assembly from amyloid fibrillar
toward less toxic amorphous aggregation. Propensity of Ab to go toward a specific form of aggregate state is determined by
structural and dynamical properties of the initial monomeric as well as the aggregate state. Here we probe the structural and
dynamical impact of binding of Zn(II) to monomeric Ab40 using NMR spectroscopy. To obtain further support for the importance
of intrinsic dynamics in the aggregation precursor, 15N relaxation measurements were also performed for Ab42, the more fibrillar
aggregation-prone variant of Ab. The combined data suggest that, upon Zn(II)-binding to the N-terminus of Ab40, a relatively
rigid turnlike structure is induced at residues Val24-Lys28 whereas the residues flanking this region become more mobile on
the picosecond-to-nanosecond timescale. This is in contrast to the increased rigidity of Ab42 at the C-terminus, and proposed
to be linked to the higher propensity of Zn(II)-bound peptide to form amorphous aggregates with less entropic penalties than
their fibrillar counterparts.INTRODUCTIONAlzheimer’s disease (AD) is a neurodegenerative disorder
clinically characterized by a progression from an amnesic
mild cognitive impairment to a slow global decline of
cognitive function (1). Microscopically, AD is manifested
by a widespread extracellular deposition of amyloid b-
peptide (Ab) as senile plaques and intracellular aggregation
of hyperphosphorylated tau protein as neurofibrillary tangles
(2). Genetic and pathological evidences support the so-called
‘‘amyloid cascade hypothesis,’’ according to which the main
initial event in AD pathogenesis is aggregation of Ab, and
other elements of AD pathology, including tau dysfunction,
prooxidative state, inflammation, synaptic impairment, and
neuronal loss, are located downstream to Ab aggregation
(3,4). Inhibition of toxic Ab aggregation is therefore seen
as a major strategy to modify the disease pathology (1). In
recent years, it has been revealed that small soluble Ab
oligomers that are formed early in the aggregation process
are more toxic than the final amyloid fibrillar state present
in the core of senile plaques (4). Accordingly, potential
anti-aggregation drugs need to act in the very early stages
of Ab aggregation, through blockade of the toxic aggregation
and/or redirection of the monomeric Ab toward off-pathway
less toxic aggregates. The rational design of antiaggregation
compounds for AD treatment therefore requires a more
detailed understanding of Ab aggregation (toxic and
nontoxic) in the earliest steps.
Ab peptides are released into the extracellular medium
after sequential proteolytic cleavages of a multidomain
integral membrane type-I protein, the amyloid precursorSubmitted February 25, 2011, and accepted for publication June 29, 2011.
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0006-3495/11/09/1202/10 $2.00protein, by b- and g-secretases (5). The exact location of
the trans-membrane cleavage site for g-secretase results
in a variability in the length of its Ab product from 38 to
43 residues, with the dominance of Ab40 and Ab42 species
(5). Ab42 has an identical amino-acid sequence with Ab40,
except for the additional Ile41 and Ala42 at the C-terminus
(Fig. 1). Solution NMR studies of full-length Ab40 and
Ab42 have suggested that the average structures of the
Ab40 and Ab42 monomers in solution are very similar (6).
Despite the nearly complete sequence similarity and struc-
tural resemblance, Ab40 and Ab42 show very different
in vitro and in vivo properties. Ab42 has a faster kinetics of
amyloid fibrillar aggregation than Ab40 in vitro (7,8), and
apparently aggregates through a different mechanism in-
volving a larger intermediate oligomeric species (9). Ab42
is much more toxic to neurons in cell culture and animal
models than Ab40 (8,10,11). Ab42 is the major variant of
Ab in the core of senile plaques whereas Ab40 constitutes
~90% of total Ab in plasma (12), and in the most familial
AD cases, the ratio of Ab42/Ab40 is shown to be elevated
(13). The enhanced toxicity of Ab42 most likely derives
from its higher aggregation propensity, which in turn is
determined by the structural and dynamical properties of
the initial monomeric as well as the intermediate oligomeric
and final aggregate state of the peptide.
Metal ion homeostasis is known to be affected in several
neurodegenerative disorders (14). In AD, endogenous ions
like Zn, Cu, and Fe are found in the amyloid plaques at
concentrations as high as 1mM(15). Zinc ions are coreleased
along with glutamate in most of the glutamatergic synapses
in the cerebral cortex, and reach high mM concentrations in
the synaptic clefts (16). Under physiologic conditions,
soluble monomeric Ab has a high propensity to bind todoi: 10.1016/j.bpj.2011.06.062
FIGURE 1 Amino-acid sequence of Ab40 and Ab42, with the main
coordination sites of zinc (Asp1, His6, His13, and His14) highlighted.
Effect of Zinc on b-Amyloid Dynamics 1203zinc (17). Through a variety of spectroscopic methods and
the use of different peptide fragments, it was suggested that
the coordination site of Zn(Ab) is most likely made of four
or six ligands including the three histidines (His6, His13,
and His14) and the N-terminus or the carboxylate group of
Asp1 (Fig. 1) (17,18). A second site of lower affinity has
been suggested for binding to zinc, which probably involves
residues between Asp23 and Lys28, although considering the
weak affinity of this site, it is quite unlikely that it is occupied
by zinc in physiologically relevant conditions (18).
The effect of zinc on Ab toxicity reveals a clear concentra-
tionvariability, with promotion of toxicity at high (~mM) and
neuroprotection at low (<50 mM) zinc concentrations
(19,20). In addition to the possible role of zinc in interfering
with the copper-based generation of reactive oxygen species
in Ab aggregates (21), zinc could exert its protective role
through differential interaction with Ab aggregates (22).
The effect of zinc on Ab aggregation has been extensively
studied in vitro, and it was shown that depending on the
experimental conditions such as pH, ionic strength, and the
concentration of zinc, Ab aggregation and morphology of
Ab aggregates are variably influenced by the presence of
zinc (23–26). The common notion is that, at very low zinc
concentrations, this ion prevents Ab aggregation, whether
on-pathway fibrillar or off-pathway amorphous aggregate
formation, but at higher concentrations when the metal/
peptide ratio reaches ~1, amorphous Ab aggregation is
promoted whereas fibrillar aggregation is blocked (18).
Here, we present a detailed study of the effect of Zn(II)-
binding on the structure and backbone dynamics of Ab40.
Using 15N relaxation measurements we demonstrate that
binding of zinc to Ab introduces some rigidity in the
N-terminus and in the Val24-Lys28 region, whereas the inter-
vening region and the C-terminus are becoming more
mobile. Through comparison with Ab42, the variant of Ab
with increased rigidity in the C-terminus and higher propen-
sity to form fibrillar aggregates, the association between Ab
dynamics in the monomeric state and its tendency to form
aggregates of various morphologies is discussed.MATERIALS AND METHODS
Materials
The used chemicals were from Sigma-Aldrich (St. Louis, MO). 15N-Ab40
and Ab42 were purchased from rPeptide (Athens, GA). Uniformly labeled
15N,13C-Ab40 was produced as described in the next paragraph.Cloning, expression, and purification
of human Ab40
A DNA duplex coding for Ab40 was cloned into a modified pET28a vector
coding for an N-terminal TEV-protease-cleavable His6-Z-tag fusion protein
(27). 15N,13C-labeled Ab40 fusion protein was expressed in Escherichia
coli at 37C in Toronto minimal medium. After purification on a 1 mL
HisTrap HP nickel column (GE Healthcare, Waukesha, WI), the fusion
protein was digested overnight on ice with recombinant TEV protease.
The digestion mixture was loaded on a C4 reversed-phase HPLC column
(Vydac, Hesperia, CA). The released Ab40 peptide eluted in a linear
(0–100%) acetonitrile gradient from this column as a single peak. Accord-
ing to electrospray ionization mass spectrometry, the isolated peptide was
100% pure. The purified peptide was lyophilized before use. The lyophi-
lized peptide was then solubilized in 10 mM NaOH at a concentration of
2 mg/mL (~460 mM), as recommended in Hou et al. (6) to remove the
preformed aggregates, and stored at 80C until use.NMR spectroscopy
All two- and three-dimensional NMR spectra were recorded at 278 K
and pH 7.2, buffered with 10 mM sodium phosphate. Chemical shift refer-
encing at this temperature and pH was made with respect to the external
4,4-dimethyl-4-silapentane-1-sulfonic acid (0.0 ppm). The sample con-
tained peptide at a concentration of 0.2 mg/mL (~50 mM), with or without
50 mM ZnCl2. To eliminate the possible effect of pH variation on the NMR
parameters (e.g., chemical shifts), pH of the sample before and after addi-
tion of zinc ion was carefully adjusted to the same value (7.2). The NMR
experiments were performed on Avance 600- and 700-MHz spectrometers
(Bruker, Karlsruhe, Germany), all equipped with cryogenic probeheads.
15N relaxation experiments were conducted on a 600 MHz spectrometer
with a room temperature probe, using the singly labeled peptide. Temporal
stability of the peptide solutions were checked with one-dimensional
1H-NMR spectra measured before and after each NMR experiment. All
NMR spectra were processed and analyzed with NMRPipe (28) and Sparky
3 (T. D. Goddard and D. G. Kneller, http://www.cgl.ucsf.edu/home/sparky).
To calculate secondary chemical shifts, random coil chemical shifts pre-
dicted by CamCoil were used (29).
1H-15N HSQC spectra of the backbone were obtained using an INEPT
transfer delay of 5.4 ms. The experimental matrix had 2048 256 complex
data points, which after zero filling was transformed to a final matrix of
8192  512 data points. The spectral width values were 10 and 26 ppm in
1H and 15N dimensions, respectively. HNCA spectra were recorded with
40 and 70 increments in the 15N and 13C dimension, respectively, with carrier
frequencies set to 118 and 52 ppm. The 15Nbackbone relaxation rates,R1 and
R2, were measured using relaxation delays of 10, 20, 80, 200, 400, 800, and
1200 ms for R1 and 10, 30, 50, 70, 110, 160, and 240 ms for R2 (30). The
15N
longitudinal relaxation rate in the rotating frame (R1r) was measured in an
on-resonance manner with a radio frequency field strength of 2.5 kHz and
relaxation delays of 10, 40, 70, 110, 160, 240, and 320 ms (30).
Peak intensities were fitted to a single exponential decaying function.
Heteronuclear nuclear Overhauser enhancements (NOEs) between 1H and
15N were measured with a 3.5 s irradiation of protons, which was shown
to completely saturate amide proton resonances, and the NOE values
were calculated through comparison of the peak intensities between satu-
rated and reference spectra. The relaxation measurements were performed
in an interleaved manner to ensure that the experimental conditions were
the same for different relaxation delays, and in the case of R1, R2, and
R1r measurements, the last interleaved experiment had the same relaxation
delay as the first one to check the stability of the experiment. For R2 and
R1r, a heat compensation element was implemented in the beginning of
the pulse sequence before the recycle delay. The dipole-dipole (15N-1H)/
chemical shift anisotropy (15N) cross-correlated relaxation rates (h) were
measured using relaxation delays (2D) of 50, 100, 150, and 200 ms (31),
after fitting to the equationBiophysical Journal 101(5) 1202–1211
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IB
¼ tanhð2DhÞ; (1)
where IA and IB are the signal intensities obtained with pulse schemes A and
B, which separately address relaxation of 15N downfield and upfield doublet
components. The exchange-free R2 (R2
0) was calculated according to
R02 ¼ khþ 1:3s; (2)
where
s ¼ NOE1  R1  gN
gH
; (3)
with gN and gH as gyromagnetic ratios of
15N and 1H. The value k was a
constant value of 1.2589, calculated using theoretical expressions of 15N
relaxation rates (32), for which the chemical shift anisotropy (CSA) of 15N
was considered to be axially symmetric with a magnitude of170 ppm and
the angle between the symmetry axis of CSA tensor and N-H vector was
assumed to be 15 (31). The exchange-mediated relaxation rates (Rex)
were then calculated as Rex ¼ R2 – R20 or Rex ¼ R2 – R1r. The orientation
spectral density function, J(u), was calculated at three frequencies of 0,
uN and 0.87uH as described in Palmer (33), with the exchange-free R2
0
calculated from cross-correlated relaxation rates taken as R2.RESULTS AND DISCUSSION
Identification of the Zn(II) binding site
The Ab peptide tends to aggregate in a time- and concentra-
tion-dependent manner. To overcome this problem during
the typically long NMR experiments, all the measurements
were conducted at the low temperature of 5C and peptide
concentration of 50 mM, where the sample remains stable
if it is devoid of any preformed aggregates. The latter condi-
tion was met by the initial treatment of Ab with 10 mM
sodium hydroxide (6). Comparison of one-dimensional 1H
spectra before and after each NMR experiment verified
that there was no significant peptide aggregation during
the experiment. Because the three histidines of Ab40
(His6, His13, and His14) constitute the main coordination
sites of the zinc ion (17), the pH of the NMR sample was
set to 7.2 to ensure that histidine side chains are mainly in
a deprotonated state required for binding to zinc. At this
pH, the apparent Kd of zinc binding to Ab40 is ~1 mM
(18). To keep the temporal stability of Ab solution upon
addition of zinc, the zinc ion was added at a concentration
of 50 mM, and the less aggregation-prone variant, Ab40,
was used. At the used metal/peptide ratio of 1:1, the re-
ported apparent Kd of 1 mM implies that ~90% of Ab mole-
cules are in the complex form with the zinc ion, and
depending on the timescale of exchange between the free
and metal-bound forms of Ab in comparison with the
NMR timescale, the NMR peaks are expected to be variably
affected by addition of zinc.
Fig. 2 A shows a superposition of the 1H-15N HSQC
spectra of Ab40, obtained in the absence or presence of an
equimolar concentration of zinc. Clearly, the most remark-Biophysical Journal 101(5) 1202–1211able effect on amide proton and nitrogen chemical shifts
was observed in the N-terminal part of the peptide, namely,
residues Glu3, Arg5, Asp7, Ser8, Gly9, Tyr10, Glu11, Val12,
and Gln15 (Fig. 2 B). The intensity profile revealed that the
same residues were prominently affected by signal broad-
ening (Fig. 2 C). The broadening effect was extended further
to nearby residues of Lys16 and Leu17, and the side-chain
peaks of Arg5 and Gln15 underwent a similar effect. The
general reduction in the signal intensity of the N-terminal
residues upon addition of zinc may arise from several causes.
For example, presence of chemical exchange between free
and metal-bound forms of the peptide leads to a severe
intensity loss if the exchange occurs in an intermediate
regime with respect to the NMR timescale, or a lower
mobility of the peptide backbone induced uponmetal binding
increases the relaxation rates and broadens the signals. In
addition, the rate of exchange between amide protons and
water might be enhanced in the zinc binding region.
The observed chemical shift perturbation and signal
broadening effects are consistent with the known fact that
the N-terminal part of Ab40 constitutes the main coordina-
tion sites of the zinc ion, i.e., Asp1, His6, His13, and His14
(17). Because due to fast exchangewith water the N-terminal
Asp1 is principally missing from the 1H-15N HSQC spectra,
and peaks of residues His6, His13, and His14 are severely
affected by exchange broadening and/or overlap in Ab40
spectra, we were not able to probe the effect of zinc ion on
its directly binding residues. However, the observed intensity
profile with its minima occurring at residues Arg5, Asp7,
Val12, and Gln15, residues in the vicinity of His6, His13, and
His14, support the direct role of these three histidines in
zinc binding.
A second site of lower affinity for zinc binding has been
recently suggested to be formed by residues Asp23 to Gly29
(18). In accord with this hypothesis, the stretch of residues
between Asp23 and Gly29 showed a slightly higher than
average perturbation in the backbone chemical shifts
(Fig. 2 B). A significant chemical shift deviation was also
observed for the side-chain peak ofAsn27. These slight chem-
ical shift deviations could not be caused by a pH change, as
the pH was adjusted to 7.2 before and after addition of
ZnCl2. To further ascertain that an uncertainty of50.1 unit
in the measured pH would not cause the same level of
chemical shift perturbation, the 1H-15N HSQC spectrum of
metal-free Ab40 was also measured at pH of 7.5 (0.3 unit
above the pH of our study). To estimate the chemical shift
changes that might be induced by a variation in pH by
0.1 unit, the observed pH-induced chemical shift deviations
were divided by 3 and are shown in Fig. 2 B. Clearly, the
chemical shift perturbations observed upon addition of zinc
are mostly above this level, uniquely attributing the observed
chemical shift changes to zinc binding.
Residues Asp23-Gly29 had intensities lower than the
average in both the presence and absence of zinc ion. The
change in intensity upon addition of zinc, however, showed
FIGURE 2 (A) 1H-15N HSQC spectra of Ab40 in the absence (dark gray or red) or presence of equimolar zinc chloride (light gray or green). The more
affected peaks, mainly in the N-terminus of Ab40 sequence, are highlighted. (B) Average backbone N and HN chemical shift deviation in Ab40 upon addition
of an equimolar ratio of zinc. (Dotted line) Expected variability of chemical shift deviation for residues 18–40 if there is an 0.1 unit uncertainty in the
measured pH. (C) Normalized intensity ratio, showing a striking loss of NMR signal intensity in the N-terminus of the peptide. Intensities were normalized
based on the signal intensity of Val40.
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significant signal broadening in this region upon zinc addi-
tion may be related to their smaller chemical shift difference
in the free and metal-bound states, which takes their
exchange between these states further away from the inter-
mediate exchange regime and diminishes the exchange
broadening effect. Although these data are consistent with
the presence of a lower affinity zinc binding site in this region
(18), a conformational change in residues 23–29—as a result
of binding of zinc to the N-terminus—could present an alter-
native explanation.Structural changes in the Ab peptide induced
by zinc binding
It is well known that the deviation of chemical shifts from
their random coil values report on the local conformation
of polypeptide chains (34,35). Ca chemical shifts are
a very sensitive probe of local conformation, with its rise
(drop) reflecting less (more) extended backbone conforma-
tion (34). To address how binding to zinc may affect Ab40
conformation, Ca chemical shifts were measured throughHNCA experiments. In the zinc-free form, two regions of
the sequence showed negative secondary Ca chemical shifts:
a continuous stretch of residues from Val8 to Glu22 and most
of residues between Gly29 and Gly38 (see Fig. S1 in the Sup-
porting Material). This reveals a tendency of these residues
to adopt an extended conformation, whereas the intervening
region remains in a less extended conformation.
Upon addition of zinc, residues Ala2, Glu3, Ser8, Val12,
Gln15, and Lys16 of the N-terminal part were significantly
affected, and except for Glu3, all decreased in Ca chemical
shifts (Fig. 3 A). Because these residues are very close to
the bound zinc ion, the changes of Ca chemical shift are
not purely caused by conformational alterations, but the
direct (de)shielding effect of the positively charged zinc
ion results in a prominent contribution. Therefore, it is not
possible to distinguish between the direct effects of the
zinc ion on Ca chemical shift from those caused by confor-
mational changes. However, the increased Ca chemical
shift of Glu3, whereas the other nearby residues showed
a decrease in Ca chemical shift, might support a model
according to which binding to zinc induces a turn centered
on Glu3 (18).Biophysical Journal 101(5) 1202–1211
FIGURE 3 Carbon alpha (Ca) (A) and amide proton (B) chemical shift
deviation of Ab40, after addition of an equimolar ratio of zinc chloride.
(B, Dotted line) Expected variability of amide proton chemical shift for
residues 18–40 if there is an 0.1 unit uncertainty in the measured pH.
The observed deviations suggest that residues 24–28 adopt a turnlike struc-
ture, whereas the flanking residues in nearby N- and C-terminal sides tend
to form more extended structures.
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the boundmetal ion and their Ca chemical shifts are expected
to more purely represent the backbone conformation, an
interesting pattern was observed. Although residues Val24,
Ser26, and Lys28 showed a considerable rise in Ca chemical
shifts, most of the flanking residues on both N- and
C-terminal sides had diminished shifts. It is interesting that
residues 24–28, hypothesized to form a second binding site
of lower affinity, changed their Ca chemical shifts oppositely
to residues in the main N-terminal binding site. This makes it
more probable that the chemical shift alterations we observe
in this region are not due to direct binding of zinc, but instead
caused by a secondary conformational change. Indeed,
several experimental and theoretical studies point to the
inherent tendency of the decapeptide Ab(21–30) toward
turn formation at residues Val24-Lys28 (36–38). This turn is
stabilized by the intrinsic propensity of Val-Gly-Ser-Asn
and Gly-Ser-Asn-Lys sequences to form a b-turn, a long-
range Coulombic interaction between Lys28 and either
Glu22 or Asp23, and a hydrophobic interaction between the
isopropyl and butyl side chains of Val24 and Lys28 (37).
Accordingly, we hypothesize that after a zinc ion binds to
the N-terminal site of the peptide, the region Ala21-Ala30Biophysical Journal 101(5) 1202–1211is released from some long-range contacts with the
N-terminus and gains the possibility to reveal its intrinsic
tendency to form a turn at residues Val24-Lys28, whereas
the flanking sides will be slightly more extended. This
hypothesis is further supported by the observed drop in
amide proton chemical shifts of Ser26, Asn27, and Gly29,
concomitant with a rise in the shifts of the flanking residues
(Fig. 3 B) (35).
Solid-state NMR spectroscopy of Ab40 fibrils showed
that the region between residues 23 and 29 forms an exposed
turnlike structure between two b-strands (39), and a salt
bridge between Asp23 and Lys28 might contribute in stabi-
lizing this structure (39). A similar structure also exists in
Ab oligomers (40), suggesting that formation of this turn
and its resultant proximity of the N- and C-terminal parts
of the Ab sequence may occur relatively early in the aggre-
gation process. In fact, occurrence of conformational
exchange with transient adoption of a turnlike structure at
residues 24–28 seems to be an inherent feature of the mono-
meric Ab, as evidenced by the lower intensity of 1H-15N
HSQC peaks in this region described above and secondary
Ca chemical shifts.
Binding to zinc appears to enhance this feature, and
considering the detailed structural models of Ab40 oligo-
mers (40) and fibrils (39), this alteration in conformational
tendency of Ab40 is in line with the observed promoting
effect of zinc on Ab aggregation. However, the higher
aggregation propensity of the zinc-bound Ab monomer
does not result in formation of ordered fibrillar aggregates,
as it is the case with metal-free Ab40 and the more aggrega-
tion-prone variant of Ab, Ab42, but instead mainly produces
amorphous aggregates. This difference in aggregation
propensity may have its origin in the dynamical properties
of the Ab monomer; so we addressed in the next step how
the Ab40 backbone dynamics is altered by binding to zinc.Binding of zinc increases the mobility
on the picosecond-to-nanosecond timescale
in Ab regions involved in formation of fibrillar
b-structure
To investigate the effects of zinc binding on the picosecond-
to-nanosecond dynamics of the Ab40 backbone, we mea-
sured 15N R1, R2, and steady-state
1H-15N NOE (Fig. 4).
R1 values (Fig. 4 A) showed small fluctuations along the
sequence of Ab, with the values decreasing toward the
N- and C-termini in agreement with increased internal
dynamics on the picosecond-to-nanosecond timescale. The
average R1 was 1.67 5 0.17 s
1 for Ab40 in the absence
of zinc, and it remained nearly unchanged upon binding to
zinc (with an average of 1.735 0.23 s1). The correspond-
ing value for Ab42 was 1.705 0.19 s1. Because 15N R1 is
dominated by the value of the spectral density function J(u)
at uN, motions with frequencies near uN ¼ 60 MHz (with a
correlation time of ~2.7 ns, in the same order as the expected
FIGURE 4 15N longitudinal (A) and transverse (B) relaxation rates and
steady-state 1H-15N heteronuclear NOE values (C), measured for Ab40 in
the absence or presence of equimolar zinc, and Ab42. R1 values showed
little variability among the samples and indicated the same monomeric
state of the three samples. The most remarkable change of R2 occurred at
the N-terminus, reflecting the exchange-mediated relaxation contribution.
Effect of Zinc on b-Amyloid Dynamics 1207global correlation time for Ab monomer) are nearly iden-
tical for these peptides. This indicates that the assembly
state of the NMR-observable Ab molecules does not differ
among these three conditions, i.e., all three are in the mono-
meric state. The similarity of global tumbling motions then
allows a proper comparison of the internal motions of Ab on
the picosecond-to-nanosecond timescale.
The 15N transverse relaxation rates (R2) are shown in
Fig. 4 B. In the zinc-free Ab40, R2 values gradually rose
from the N- and C-termini, and the largest values were
observed for residues His14, Gln15, and Gly25-Gly29. There
was no significant difference in R2 values between Ab40
and Ab42, except for residues close to the C-terminus, andthe same maxima of R2 were observed at His
13-Gln15 and
Gly25-Gly29. The larger R2 values for His
13-Gln15 likely
originate from chemical exchange due to protonation and
deprotonation of the histidine side chains, and residues
Gly25-Gly29 may also undergo a conformational exchange
(see below for exchange-mediated relaxation rates, Rex).
At the C-terminus, Ab42 had significantly larger R2 values
than Ab40, even if the sequences were aligned from their
C-termini, showing that the observed difference is not
simply caused by the longer sequence of Ab42. Upon addi-
tion of zinc to Ab40, a general rise of R2 was observed in the
N-terminal half up to Glu22, with residues close to the zinc
binding site, namely Glu3, Arg5, Ser8, Glu11, Val12, and
Gln15, mostly affected. The enhanced R2 is due to a chemical
exchange between free and bound forms and/or a higher
rigidity of the Ab backbone induced upon zinc binding.
A significant increase of R2 was detected for Asn
27 and
Lys28, whereas the C-terminal part was relatively unaffected.
The low steady-state 1H-15N heteronuclear NOE values,
shown in Fig. 4 C, indicate that the Ab backbone is remark-
ably dynamic on the picosecond-to-nanosecond timescale.
In the free Ab40, residues at the N- and C-terminus had
negative NOE values, as expected from their higher
mobility. The NOE values of Ser8-Ala20 were larger than
in the C-terminal half. The data suggest that the backbone
of Ab40 is relatively less mobile in the N-terminal half,
in agreement with the existence of some structured regions
in the N-terminus of Ab40 as suggested by molecular
dynamics simulations (41). The C-terminal part showed an
alternating NOE pattern between residues Lys28 and Gly37.
This interesting finding may reflect a transient adoption of
b-stranded conformation within residues 28–37. In the
middle part of the sequence, residues Asp23 and Val24 had
lower NOEs than the nearby residues and a negative NOE
was observed for Asn27. This is likely due to a rapid inter-
conversion between different conformational states on the
picosecond-to-nanosecond timescale.
Compared to Ab40, Ab42 had slightly diminished NOE
values in the N-terminal half (up to Ile32), except for Val12,
Lys16, and Asn27. On the other hand, larger NOE values
were observed at the C-terminus of Ab42. This is in agree-
ment with molecular dynamics simulations suggesting the
formation of a b-hairpin structure at the C-terminus of
Ab42 (41). Addition of zinc to Ab40 introduced some
rigidity in the peptide backbone in close proximity to its
binding site, as reflected by a considerable rise in the NOE
of residues Glu3, Arg5, Asp7, Gly9, Glu11, Val12, Gln15, and
Lys16. A similar change was also observed for Glu22,
Asp23, and Asn27.
To further quantify the influence of Zn(II)-binding on the
backbone dynamics of Ab, reduced spectral density analysis
of 15N relaxation parameters was carried out. Because the
measured R2 were significantly affected by exchange-medi-
ated relaxation (Rex), it was not possible to use R2 for
this analysis. Instead, we measured the 15N longitudinalBiophysical Journal 101(5) 1202–1211
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which the Rex contribution is scaled down. The R1r values
of Ab40 and Ab42 were very similar, except at the
C-terminus where Ab42 had larger values. Upon addition
of zinc, residues close to the zinc binding site in the
N-terminus and Ser26-Gly29 increased in R1r. Because elim-
ination of the exchange contribution is not complete in the
R1r experiment, we further measured the cross-correlated
relaxation rate (h) between 15N-1H dipolar and 15N CSA
interactions. This parameter is dominated by J(0) and
largely unaffected by the exchange process. Fig. S3 shows
how h varies along the Ab sequence.
In the free Ab40, the largest h-values were observed for
Tyr10-Ala21 and h gradually decreased toward the N- and
C-termini. Upon addition of zinc Glu3, Tyr10, Gln15, and
Lys16 showed an increased h (Fig. 5 A). There was also a
rise of h for Ser26 and Lys28, whereas their flanking residues
showed a slight drop in h. This interesting finding suggests
that in the zinc-bound Ab40, residues 26–28 lose some of
their internal mobility on the picosecond-to-nanosecondFIGURE 5 Differences in cross-correlated relaxation rates (CCR) (A)
and spectral density function at frequency 0, J(0) (B), with respect to free
Ab40. Note that both zinc-bound Ab40 and Ab42 show larger values in
the region Val24-Lys28, but change oppositely in the C-terminus. For calcu-
lation of J(0),CCR-based exchange-free R2 values were used. The changes
were calculated relative to the value of free Ab40 (i.e., a value of 1 means
that it has increased to twice its value in the free Ab40).
Biophysical Journal 101(5) 1202–1211timescale whereas the flanking residues at both N- and
C-terminal sides become more mobile. On the other hand,
in Ab42, the rise of h at residues 25, 26, and 28 continued
toward the C-terminus, indicating that the C-terminal half
of the sequence is more rigid in Ab42 than Ab40.
Cross-correlated relaxation rates (h) were then converted
through Eq. 2 to R2
0, the exchange-free R2, and compared
with R1r values. As displayed in Fig. S4, R2
0 was strongly
correlated with R1r, with correlation coefficients of 0.78,
0.87, and 0.87 observed for Ab40, Ab42, and Ab40-Zn(II),
and corresponding slopes of best-fitted lines were 1.01,
0.97, and 0.92, respectively. The slopes of <1 indicate
that, in the case of Ab42 and Ab40-Zn(II), R1r still has
contributions from chemical exchange. Therefore, we used
R2
0 to perform spectral density analysis. J(0), derived
from the reduced spectral density analysis and shown in
Fig. S5, is a measure of backbone dynamics and directly
varies with the backbone rigidity. As expected from the
other relaxation parameters of Ab40, J(0) was higher for
residues 8–21 and gradually decreased toward the N- and
C-termini. Upon addition of zinc, residues 26–28 showed
a raised J(0), but nearly all the nearby residues slightly drop-
ped in J(0) (Fig. 5 B). On the other hand, the rise of J(0) at
residues 26–28 of Ab42 was accompanied with similar
changes in the C-terminal half, especially after Gly33.
The 15N relaxation parameters discussed so far probe the
picosecond-to-nanosecond dynamics of the peptide back-
bone. In contrast, the exchange-mediated relaxation rate,
Rex, arises from processes that usually occur at longer time-
scales. Fig. 6 manifests how Rex varies along the Ab se-
quence. In the free Ab40, the largest Rex values were
observed in two regions: first, close to the histidines 6, 13,
and 14, probably reflecting an exchange due to proton-
ation-deprotonation of histidine side chains; and second,
for residues 26–28 that most likely undergo a conformational
exchange. A similar but less pronounced pattern was found
for Ab42. On the other hand, addition of zinc to Ab40
caused a striking rise in the Rex of the N-terminal part,
most likely due to the exchange between free and metal-
bound forms of the peptide. Interestingly, whereas several
residues in the N- and C-terminal halves showed an
enhanced Rex after zinc binding, residues 23–29 had either
unchanged or diminished Rex. This supports our above
suggestion that this region is not involved in direct binding
to zinc but undergoes a secondary conformational change.
The elevation of Rex in the C-terminus, which is far from
the zinc-binding site, is not likely to be caused by binding,
instead it may represent a higher mobility of this segment
on the microsecond-to-millisecond timescale.The importance of intrinsic dynamics in the Ab
peptide on its modes of aggregation
The effect of zinc binding on the dynamics of Ab40 was
investigated earlier by Danielsson et al. (18). Our data are
FIGURE 6 (A) Exchange-mediated relaxation rates (Rex), calculated as
the difference between apparent R2 and R1r values, for Ab40 in the absence
or presence of equimolar zinc and Ab42. A similar pattern was observed
using CCR-based R2 instead of R1r (data not shown). (B) Differences in
Rex with respect to the free Ab40. Note the rise of Rex in the N-terminus
and its drop at residues 24–26. The changes were calculated relative to
the value of free Ab40.
Effect of Zinc on b-Amyloid Dynamics 1209in general agreement with their conclusion that binding of
zinc induces an increased order in the N-terminus of
Ab40. The picosecond-to-nanosecond timescale dynamics
of Ab42 was also studied before (42,43), and a higher
rigidity of the C-terminal half was demonstrated. Here, we
have extended the earlier studies in the following areas.
First, whereas the conclusions by Danielsson et al. (18)
were mainly based on the measurement of R1 and (apparent)
R2, we have additionally measured R1r and cross-correlated
relaxation (h) rates and 1H-15N heteronuclear NOEs.
Through these relaxation parameters, we were able to distin-
guish the exchange-mediated contribution in transverse
relaxation (Rex) and use an exchange-free R2 (R2
0) for
reduced spectral density analysis. Through calculation of
the spectral density function, the dynamics of the peptide
backbone in the picosecond-to-nanosecond timescale is
more accurately probed than the simple use of differences
in apparent R2. The separation of Rex also enabled us to
qualitatively address the effects of zinc binding on dynamics
occurring on longer timescales.
Second, the dynamics measurements on zinc-bound
Ab40 were accompanied with the similar measurementson Ab42. This made it more reliable to compare the relax-
ation properties of zinc-bound Ab40 and Ab42, which
both have a higher aggregation propensity than free Ab40
but form aggregates of different morphologies.
The combined 15N relaxation data, Ca chemical shifts,
and 1H-15N HSQC intensities suggest the following model
for the zinc-induced alterations in the structure and
dynamics of Ab40. Binding to zinc introduces conforma-
tional changes in the N-terminal part of Ab40, including a
turn formation centered at Glu3, and causes a higher rigidity
of the backbone in this part. This induces a change in the
conformations sampled by residues Val24 to Lys28 toward
turnlike structures that can bring the N- and C-terminal parts
of Ab40 closer together. Although flexibility of this region
is partially lost upon zinc-induced turn formation, the
nearby residues on both N- and C-terminal sides gain in
flexibility.
This may be due to loss of long-range contacts between
the central hydrophobic cluster (Leu17-Ala21) and Val39,
shown in the free form of Ab40 (41). The higher mobility
results in a more frequent sampling of the favorable ex-
tended conformation by those residues, reflected in their
Ca and amide 1H chemical shift deviations. Because a
similar turn exists in Ab40 oligomeric aggregates (40), the
higher propensity of Ab40-Zn(II) to adopt this conformation
in the monomeric state is expected to decrease the entropic
cost of aggregation, and thermodynamically favor the
aggregation process (see Fig. 7). This mechanism of aggre-
gation promotion may act in addition to the simple electro-
static role of the zinc ion, according to which a decrease in
the net negative charge of Ab40 after zinc binding weakens
the electrostatic repulsion among them (18).
The higher mobility of the C-terminal part of Ab40 in
complex with a zinc ion is in contrast with the lower mobility
of the corresponding part of Ab42. This feature of Ab42
has been used to explain its higher (than Ab40) propensity
to form fibrillar aggregates (42,43). Because dynamics of
Ab42 fibrils in the C-terminus is not expected to be different
from those in Ab40 fibrils, the lower mobility of the
C-terminus of Ab42 monomers should decrease the entropic
penalty of fibril formation. Similarly, the enhanced dynamics
of the C-terminus of Ab40 in complex with zinc should
increase the configurational entropic cost of fibril formation
and thermodynamically disfavor fibrillar aggregation.
However, amorphous aggregates that are likely less
ordered in the C-terminal part are expected to be favored.
Induction of a specific conformation in the N-terminus to
accommodate the zinc ion may present an additional mech-
anism to prevent the N-terminal b-strand formation neces-
sary for fibrillar aggregation. However, it was shown for
copper that binding to Ab was independent of aggregation
state, i.e., the same coordination sphere was observed for
Ab monomers, oligomers, and fibrils (17,44,45). Binding
of Cu(II) ion to monomeric Ab did not interfere with
fibrillar aggregation, nor did it affect the fibrillar structureBiophysical Journal 101(5) 1202–1211
FIGURE 7 Cartoon representation of Ab dynamics and implications for
its aggregation. Formation of ordered fibrillar aggregates from the initial
monomeric Ab implies a huge entropic price. The monomeric state of
Ab42 is relatively restricted at the C-terminus, so it needs to pay less
entropic cost than Ab40 and therefore shows a higher tendency to form
fibrils. On the other hand, zinc binding to Ab40 introduces rigidity around
its binding site but mobilizes the C-terminus. As a result, formation of
amorphous aggregates with less ordered C-termini is favored compared
to fibril formation. The entropic scale is only used for illustration and
should not be taken rigorously.
1210 Rezaei-Ghaleh et al.when it was added to preformed fibrils (44,45). Given
that similar residues are involved in zinc coordination, the
new conformation induced in the N-terminus upon metal
binding is unlikely to explain its amorphous aggregation
propensity.CONCLUSION
Our study confirmed the presence of a zinc binding site at
the N-terminus of Ab40 and suggested that a turnlike
conformation is formed by residues Val24-Lys28, probably
as a result of zinc binding to the N-terminus. Furthermore,
relaxation measurements revealed that zinc binding leads
to a reduction in mobility on the picosecond-to-nanosecond
timescale in the N-terminus of Ab40 and for Val24-Lys28.
On the other hand, residues in the intervening region and
at the C-terminus became more mobile on the picosecond-
to-nanosecond timescale, as well as on the microsecond-
to-millisecond timescale. At the same time, Ab42 revealed
a higher rigidity than Ab40 at the C-terminus.Biophysical Journal 101(5) 1202–1211We propose that the increased rigidity of the N-terminus
and residues Val24-Lys28 causes a net decrease of configura-
tional entropy in the monomeric peptide, leading to a ther-
modynamic destabilization of the monomer and promotion
of aggregation. In contrast, the higher mobility of the
C-terminus may favor amorphous aggregation resulting in
less ordered C-termini and therefore requires less entropic
cost than fibrillar aggregation. Taken together, our study
provides detailed mechanistic insights on how the Ab
peptide is directed toward different aggregation pathways.SUPPORTING MATERIAL
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